Understanding measurement variability and relationships between measurements obtained on different optical coherence tomography (OCT) machines is critical for clinical trials and clinical settings.
A dvances in retinal imaging have led to the development of multiple optical coherence tomography (OCT) instruments that incorporate spectral-domain (SD) technology, which addresses limitations that were imposed by timedomain (TD) technology. High-speed A scan acquisition available with SD-OCT yields higher B scan resolution images, reduces motion artifact, and provides time-efficient scan sampling density. The SD-OCT instruments also provide registration of images obtained in the same eye from different encounters. This point-to-point direct comparison between scans, performed in real time or by postimage acquisition warping, provides a more efficient means to reproducibly evaluate retinal change over time.
The management of diabetic macular edema (DME) frequently involves measurements from OCT devices. Stratus (Carl Zeiss Meditec) OCT was used widely in clinical practice and was the principal instrument used in numerous studies conducted by the Diabetic Retinopathy Clinical Research Network (DRCR.net) until 2011.
1,2 Advantages of using SD-OCT instruments have led to their rapid adoption, and the Cirrus (Carl Zeiss Meditec) and Spectralis (Heidelberg Engineering) devices have often replaced Stratus instruments in DRCR.net clinical centers. The DRCR.net uses macular retinal thickness measurements to guide eligibility for participation, to apply retreatment criteria, and to serve as an outcome measure of DME in clinical trials. The DRCR.net clinics presently have a variety of OCT instruments, each determining retinal thickness based on different locations for the outer retinal boundary. Measured retinal thickness varies among machines and is typically greater when images are obtained with SD-OCT compared with TD-OCT.
An objective of the present study was to compare macular thickness measurements between Stratus and Cirrus and between Stratus and Spectralis with the intent to develop and assess conversion equations that translate thickness measurements from these SD-OCT machines into a standardized and comparable TD-OCT Stratus value. Valid conversion equations would enable trials to pool data from these 3 instruments and compare results within and between protocols across groups that are using these instruments. An additional objective of this study was to compare the reproducibility of thickness measurements from Stratus, Cirrus, and Spectralis using their respective software segmentation analysis algorithms.
Methods
This DRCR.net observational study was conducted at 31 clinical sites. The protocol and Health Insurance Portability and Accountability Act-compliant informed consent forms (or the ability to obtain verbal consent) were approved by institutional review boards. Study participants gave written informed consent for study participation and received one $50 gas card for travel expenses. The protocol is available at http://www.drcr.net.
Study Population
Eligible individuals were at least aged 18 years and had type 1 or type 2 diabetes mellitus with media clarity adequate to obtain OCT images. Cohort 1 (primary cohort) enrolled both eyes of participants with DME in at least 1 eye (Stratus central subfield thickness [CST] ≥250 μm). Cohort 2 (normative cohort) enrolled participants with at least 1 eye meeting the normative criteria detailed in a separate publication 3 in which the objective was to collate a normal macular thickness database specific to the Spectralis instrument. Both eyes were enrolled if each eye met the criteria; otherwise, a single eye was enrolled. The primary cohort enrollment goal was 75 eyes in each of 4 Stratus CST strata (<250 μm, 250-300 μm, 301-450 μm, and >450 μm) within each SD/TD OCT group (the Cirrus/Stratus group and the Spectralis/Stratus group).
Study Procedures
For each study eye (following pupil dilation), a single certified operator was to obtain 2 replicate TD-OCT Stratus scans followed by 2 replicate Cirrus or Spectralis SD-OCT scans. Stratus scans consisted of the fast macular thickness scan (six 6.0-mm radial 128 A scans/B scan) analyzed with Stratus software, version 4.0 or higher. Cirrus Macular Cube 512 × 128 protocol (6 × 6 mm) scans were analyzed with Cirrus software, version 3 or higher. Spectralis volume scans were acquired with 49 high-speed B scans (512 A scans/B scan) covering 20°× 20°(approximately 6 × 6 mm) with an automatic real-time mean of 16 and analyzed with Spectralis software, version 5.1 or higher. For images obtained in version 5.1, which limits analysis to the region within which the data points were acquired, the observed retinal volume value was converted to volume as determined by version 5.3a, which uses the entire 6-mm Early Treatment Diabetic Retinopathy Study grid, using the formula footnoted in Table 1 . The first Spectralis scan was set as a reference such that the second scan underwent real-time image registration.
Statistical Analysis
Central subfield thickness and macular volume were the primary variables used in both the conversion and reproducibility analyses. The scans evaluated by the reading center and the values used for each analysis are summarized in eTable 1 in the Supplement. Reproducibility for each variable was evaluated separately for each OCT machine, within each of the SD/TD groups, and separately for the normative cohort. The relationships of differences between the test-retest scans (scan 1−scan 2) of each machine were explored using Bland-Altman methods. Computations of the Bland-Altman coefficient of repeatability (CR) and the 95% CI used the standard method 1.96 × ͙2 × ͙MSE, where MSE is the mean squared error from repeated-measures regression models, with the dependent variable being the given measurement and the independent variables being the participant and the eye nested within the participant. The computations were performed on both the original outcome measurement scale as well as on the relative difference scale. 4 The reproducibility of each type of thickness measurement was compared between machines using linear mixed models that evaluated the relative absolute differences (RADs) as the dependent variable and the machine as the independent variable and accounted for the correlation within participants (between study eyes and machines). Conversion equation analyses for CST and macular volume were evaluated within each of the SD/TD groups (including the normative cohort). The conversion equations were derived using data from a random sample of half of the participants in the available SD/TD groups for each of the 4 equations; the second half of each sample was used to validate the formulas. Each of the 4 conversion equations was built using repeated-measures models with generalized estimating equations to account for the correlation in participants with 2 study eyes, with the Stratus measurement as the dependent variable and SD measurement as the independent variable. Transformations, including log and log-log, were explored for each model; ultimately, the Cirrus to Stratus volume equation was the only analysis in which a transformation was used to improve the model. The Cirrus machine calculates macular volume based on the entire 6 × 6-mm 2 area; for this analysis, Cirrus volume was recalculated (transformed), limiting it to the 6-mm-diameter circle using a weighted mean of the 9 subfields, as footnoted in Table 1 . The validity of each equation was evaluated by comparing predicted vs observed metrics computed from the second half of the data that were not used to build the model. The applicability of conversion equations for making clinically relevant decisions on the individual patient level was evaluated via the Bland-Altman limits of agreement and the 95% CI on the relative differences between the observed and predicted automated Stratus values using the validation half sample of scan 1 values, computed using linear mixed models.
All reported P values were 2-sided and unadjusted for multiple testing. In view of the number of analyses, P < .01 values were the only ones considered to be unlikely due to chance. Analyses were conducted with SAS, version 9.3 (SAS Institute Inc).
Results
The Cirrus/Stratus group included 540 eyes from 292 participants, and the Spectralis/Stratus group enrolled 758 eyes from 400 participants (468 eyes [242 participants] from the primary cohort and 290 eyes [158 participants] from the normative cohort). Ninety-four eyes were excluded because the investigator identified an ocular abnormality that could affect the OCT image. No participant was in both SD/TD groups.
The participant and ocular characteristics of individuals in each SD/TD group are described in eTable 2 in the Supplement. The Stratus median CST was 290 μm in the Cirrus/ Stratus group and 239 μm in the Spectralis/Stratus group (including the normative cohort).
Replicate scans on both the SD and TD machines were completed in 531 (98.3%) and 717 (94.6%) eyes in the Cirrus/ Stratus and Spectralis/Stratus groups, respectively. In each SD/TD group, the same OCT operator obtained nearly all (96%-98%) scan pairs for a given individual.
Reproducibility
Reproducibility of the 2 metrics was evaluated within each OCT instrument and within each group and cohort separately (CST in Figure 1 and Table 2 and volume in the eFigure and eTable 3 in the Supplement). The CR and RAD were smaller for Spectralis (CR, 7%; RAD, 1%) than for either Cirrus (CR, 14%; RAD, 1%) or Stratus (CR, 12%/15%; RAD, 2%/2% in the Cirrus/Stratus and Spectralis/Stratus groups, respectively) (P < .001). Although the CR was greater with Cirrus compared with Stratus, the RAD in Cirrus was less than that of Stratus (P = .008). Figure 1 reflects this graphically, with a tighter cluster of CST differences around zero on Cirrus compared with Stratus yet more observations falling far from the mean. Within all machines, the RAD showed less variation than the differences on the absolute scale. For macular volume, the reproducibility for the Spectralis was better than that for the Cirrus or Stratus. Reproducibility of the measurements is in part operator dependent, as evident in a secondary analysis restricted to the technicians who performed test-retest scans on at least 20 eyes within each SD/TD group. For the Cirrus/Stratus group, the individual technicians' (n = 7) CST CRs ranged from 8 to 95 μm on Cirrus and from 25 to 54 μm on Stratus. For the primary cohort in the Spectralis/Stratus group, the individual technicians' (n = 4) CST CRs ranged from 8 to 22 μm on Spectralis and from 28 to 48 μm on Stratus. eTable 1 in the Supplement summarizes the values used for this analysis. In the Cirrus/Stratus group, there were 479 and 420 eyes for the CST and volume analyses, respectively, and there were 689 and 632 eyes in the Spectralis/Stratus group for the CST and volume analyses, respectively. (Table 1) were derived from half samples of the full data sets depicted in the Bland-Altman plots in Figure 2 .
The models used to develop the conversion equations were validated by calculating the predicted Stratus thickness and volume for each machine from the observed SD CST and macular volume measurements obtained in the remaining half of the data set and comparing this predicted value with the actual observed Stratus value (eTable 4 in the Supplement). The predicted CST values fell within 10% of the observed Stratus measurement in 86% of the Cirrus/Stratus pairs and 89% of the Spectralis/Stratus pairs. When the calculated group mean CST was compared with the observed group mean, the difference was 1 μm or less. When the database was used to categorize eyes by normal thickness (Stratus OCT CST of <250 μm), a discordance rate of less than 10% was identified when assigning eyes by the predicted compared with the observed values, without any favored directionality to the discordance. By comparison, the same statistics computed using Stratus test vs retest values demonstrated similar or only slightly better agreement (eTable 4 in the Supplement). Validation for the volume equations yielded even greater agreement between the predicted and observed values for each of these analyses.
We applied the conversion equations to automated SD values from the validation half-sample data set to calculate converted Stratus values; the relative differences between the observed and predicted values are depicted in Bland-Altman plots in Figure 3 . Limits of agreement on the relative difference scale for Cirrus/Stratus and Spectralis/ Stratus CST were 21% (95% CI, 19%-22%) and 19% (95% CI, 17%-20%), respectively; for volume, the limits of agreement were 9% (95% CI, 8%-10%) and 9% (95% CI, 9%-10%), respectively. 
Discussion
Clinical practice and clinical research rely heavily on OCT images to detect the presence and severity of DME. Technologic advancements have led to rapid adoption of SD-OCT instruments, which provide high image resolution, dense image sampling, and the ability to register images between visits. Clinical research studies engaged in analyzing OCT data have had to rapidly evaluate these instruments to establish normative databases, assess reproducibility in the measurements, and develop means of integrating data from a variety of instruments within a trial.
To determine whether changes in software-generated retinal thickness measurements are more likely to indicate real changes in thickness status rather than change resulting from measurement variability (measurement error), it is essential to evaluate retinal thickness measurement reproducibility. The DRCR.net accepts up to a 10% change in CST between visits, as measured by Stratus at each time point, as withinmeasurement error based on a previous DRCR.net study. 5 In that study, following reading center review of all images (and adjustment of values when indicated), the CR for absolute and relative change in CST was 38 μm and 11%, respectively. The corresponding data for macular volume were 0.27 mm 3 and 3%.
The present study confirms the previous observations of DRCR.net while using a much larger number of eyes with broad representation of macular thickness values, a different group of clinical centers and OCT operators, and analysis limited to the raw software-generated metrics. The last design feature was meant to provide the CR that would be most applicable to clinical practice where measurements are not reviewed or corrected by a reading center. Based on the reproducibility data generated with the Cirrus and Spectralis instruments in the present study, DRCR.net requires at least a 10% change in CST between visits as the amount of change necessary to indicate an actual change in macular thickness when the measurements are made consistently with these machines. Other investigators 6-10 have reported smaller values for CR; however, these studies involved a more limited number of participants, some of whom had noncentral DME or normal macu- lar architecture, and very few OCT technicians. In addition, these studies frequently excluded scans with imperfect quality (particularly of eyes with segmentation errors), thereby limiting the variability introduced by the population, the spectrum of operators, and the machine. The present study also confirms an earlier observation 5 made when evaluating measurement reproducibility with the Stratus instrument and extends this observation to Cirrus and Spectralis. The earlier observation indicated that the absolute value for measurement reproducibility varies according to the absolute thickness value being evaluated, whereas assessments made as relative change are more constant over a range of thickness values.
In the present study, the test-retest differences in CST measurements were generally smaller for both SD instruments than for Stratus, and Spectralis was superior to Cirrus. Although Cirrus had smaller median absolute and relative differences between scans 1 and 2 in comparison with Stratus, there were also more eyes with large discrepancies, leading to a CR that was larger than with Stratus. Although no significant difference in reproducibility was identified between Stratus and Cirrus for the volume measurement, Spectralis showed significantly less test-retest variation in this measurement compared with either Stratus or Cirrus. Operator technique could be a source of variability in replicate measurements; however, this was minimized by having the same operator perform nearly all of the SD/TD scan pairs in the present study. These reproducibility findings, which favor the Spectralis instrument, are more likely the result of the real-time image registration function that was available and used only with the Spectralis instrument. We did not test the post hoc image registration feature available in the Cirrus instrument software; had we used this feature, the measurement variability between the 2 replicate Cirrus scans may have been reduced. However, this step would have required an investigator to review every Cirrus scan pair for post hoc registration quality and perform manual registration when the software failed to accomplish the task. These methods were not used because they have not been adopted within DRCR.net studies, and our goal was to report measurement variability replicating the methods used by the network in our trials.
As anticipated, Spectralis and Cirrus generated higher retinal thickness values relative to a TD-OCT machine because the SD segmentation algorithms measure retinal thickness starting from more posterior structures, such as the retinal pigment epithelium apical surface or the Bruch's membrane, compared with TD algorithms that measure retinal thickness from the ellipsoid zone to the internal limiting membrane. The median difference between Stratus and Cirrus CST was 43 μm and the median difference between Stratus and Spectralis CST was 67 μm. Given the inherent differences in how the instruments measure retinal thickness, it would be incorrect to simply pool the software-generated raw data to describe populations that are measured with different instruments. One potential solution to this challenge would be customized software that automatically identifies a common outer retinal boundary in images from all machines from which thickness values are calculated. Some reading centers have customized software for this purpose, but trials dependent on this solution must accept the time and costs associated with a reading center providing thickness measurements. It is also unlikely that this solution would be available in clinical practice to assist in clinical judgments when patients' eyes are scanned with different machines at different time points.
An alternative solution to this problem of variability is development of conversion equations between TD and SD factors. Other studies [11] [12] [13] have created equations to convert Stratus CST values to either Cirrus or Spectralis CST values based on cohorts of either healthy individuals or eyes with agerelated macular degeneration. In the present study, conversion equations were derived to allow conversion of SD metrics to a common TD or "Stratus language" for studies that permit a variety of OCT machines. This process avoids analysis and reporting of trial data within different OCT machine subgroups. These equations were derived independently for Cirrus and Spectralis machines, and they transform SD CST and macular volume values into Stratus "equivalent" measurements. Strengths of this analysis include the comprehensive approach taken to obtain the SD and TD measurements, the validation exercise performed on the predicted TD values, and the emphasis on a patient population with diabetes selected for the purposes of generalizing the results to future cohorts with diabetic retinopathy and DME. The findings of the validation exercise demonstrate relatively little difference between the Stratus values predicted based on SD observations and the actual observed Stratus values compared with the differences observed between test and retest values on the Stratus machine. The conversion equations for both CST and volume are satisfactory to transform values from Cirrus and Spectralis to equivalent Stratus values to report crosssectional population thickness and volume measurements on the same scale across all patients. The DRCR.net network is also using these equations in circumstances in which participants' eyes are imaged with Stratus at baseline and switched to SD-OCT imaging during follow-up. The SD-OCT metrics are converted to Stratus-equivalent values to allow changes between visits to be evaluated on the same scale. Although a variety of OCT instruments are permitted for data collection, investigators are encouraged to consistently use the same type of OCT machine within individuals over the course of a study to minimize the need for conversion and the increase in measurement variability introduced by this need. For the purpose of making clinical decisions at an individual patient level when measurements from one machine earlier in a patient's course are compared with subsequent measurements obtained on a different machine, additional variability must be considered by the change in instrumentation (ie, beyond the approximate 10% threshold for withinmachine measurement error alone). A difference between 2 measurements (after conversion of the SD value to the Stratus scale) increases the threshold to approximately 20% because the error is associated with both the within-machine measurement error and the variability incurred by changing instrumentation. Therefore, at the individual level, changes of less than 10% within one machine or less than 20% between multiple machines on the Stratus scale might be real or they might be within the measurement error, which creates a potential challenge for clinical decision making. In these situations, monitoring changes in values over more than 2 time points may provide greater certainty as to whether changes of smaller magnitude from one visit to another are real or if they represent measurement variability. Qualitative clinical observations of changes in macular anatomy also may help in the decision as to whether the observed changes in measured thickness are clinically important.
A limitation of this study was the absence of Cirrus and Spectralis OCT scans on study eyes from the same encounter. As such, it was not possible to develop conversion equations to translate metrics directly between the Cirrus and Spectralis instruments. In the future, when Stratus becomes increasingly less common, an SD equivalent may become the standard reference value. Alternatively, the manufacturers of OCT machines might be persuaded to offer a common outer retinal boundary line for software computations. The conversion equations developed provide a solution to combine data derived from a variety of commonly available OCT machines to report cross-sectional observations and to evaluate longitudinal changes when individual patients' eyes are imaged initially with TD-OCT and then switched to specific SD-OCT instruments within clinical trials.
Conclusions
The management of DME frequently involves measurements from OCT devices. Advancements in SD-OCT technology require an understanding of the variability of the measurements and the relationship between retinal thickness measurements obtained on different machines. Reproducibility of central macular thickness and macular volume appears better on Spectralis than Cirrus and Stratus. Conversion equations to transform Cirrus or Spectralis measurements to Stratusequivalent values, within 10% of the observed Stratus thickness values, appear feasible. Central subfield thickness changes beyond 10% when using the same machine or 20% when switching machines, after conversion to Stratus equivalents, are likely the result of a real change in retinal thickness rather than measurement error. 
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Color anterior segment imaging showing a bilateral congenital lamellar cataract in a 6.5-year-old girl (visual acuity, 20/70). Small central opacification and peculiar posterior disruption of the cortical alignment are visible in both the right eye (A) and the left eye (B). Visual acuity improved to 20/25 in both eyes after cataract surgery with intraocular lens implantation.
